During normal aging process, the smell function declines significantly, starting from the sixth decade of age. While it has been shown that activity in the central olfactory system of seniors responding to odor stimulation is significantly less than that of young people, no information of the aging effect on the functions of this system during normal adulthood and early aging has been gathered. In this study, we used functional magnetic resonance imaging to investigate the olfaction-related brain activity in the central olfactory structures of 43 healthy adult volunteers aged from 22 to 64 years. The participants' smell identification function was negatively correlated with age (r = −.32, p = .037). Significant negative correlation was observed between age and the olfaction-related activities in the bilateral dorsolateral prefrontal cortex, left insular cortex, and left orbitofrontal cortex (p < .001, corrected with cluster size ≥28 voxels). There was no significant correlation observed between age and the activity in the primary olfactory cortex detected in this age group. These results suggest that age-related functional decline in the human brain is more prominent in the secondary and higher-order central olfactory structures than the primary olfactory cortex in the early aging process.
The sense of smell is one of the basic functions that we have to perceive the environment around us. During the aging process, the overall smell function, including odor detection, discrimination, identification, and memory, goes down significantly starting from the sixth decade of age (1) (2) (3) (4) (5) (6) (7) (8) (9) (10) . Multiple factors have been documented that may contribute to this age-related functional decrease, for example, at the peripheral level-the loss of olfactory epithelium (11, 12) and the functional decline of olfactory neurons (13) , and at the central level-the atrophy and functional decline of the central olfactory system (14) (15) (16) (17) (18) (19) (20) (21) (22) (23) . Understanding the age-related functional decline of the central olfactory system is important, since it is the most dynamic system in the brain and has been shown to be involved in the two most common neurodegenerative diseases, that is, Alzheimer's disease and Parkinson's disease (24) (25) (26) (27) (28) (29) (30) , in which olfactory deficits are prevalent and age is a significant risk factor.
We expected the level of brain activity in the central olfactory system to be age dependent. Previous studies have shown that the activity in the central olfactory system of the elderly (older than 65) is significantly weaker compared to that of the young (younger than 30) (14, (16) (17) (18) 21) . However, no information of aging effect on the functions of this system during normal adulthood and early aging stage has been presented. To fill the gap of the aging curve in the central olfactory system, we evaluated a group of normal healthy adults younger than 65 years for the olfactory-related brain activation with functional magnetic resonance imaging (fMRI). Different to the previously used nonspecific olfactory stimulation methods (16) (17) (18) 21) , in this study, we assessed the central olfactory activities related to the sniffing of an odor (odor-sniffing) and the sniffing of odorless air (odorless-sniffing) separately, trying to identify the specific central structures with specific olfactory functions that are age dependent.
Methods

Human Participants
Forty-three healthy human volunteers (aged 22-64 years, average 40.9 ± 15.0 years, 17 males, 3 left-handed) with no history of otorhinolaryngological, neurological, memory loss, or psychiatric conditions were recruited from the local community by advertisement.
There was no significant age distribution difference between the male and female participants (two-sample t test, p = .43). All the participants provided written, informed consent prior to participation, in accord with the requirements of the Institutional Review Board of the Pennsylvania State University College of Medicine.
Psychophysical Test of Olfactory Function
The olfactory function of each participant was evaluated with the 40-component University of Pennsylvania Smell Identification Test (UPSIT, Sensonics, Haddon Heights, NJ) prior to the fMRI. The UPSIT is a self-administered, forced-choice test for the smell identification function. The participant UPSIT scores were analyzed for the aging effect on the smell identification function.
Olfactory Stimulation Paradigm
The olfactory stimulation paradigm contained visually prompted sniffing with either odorized air (lavender smell, lasting for 6 seconds) or odorless air delivered to the nose (Figure 1 ). Each condition was repeated 12 times and interleaved with 14-22 seconds odorless air at a constant air flow of 6 L/min (3 L/min through the odorant chamber when the odorant was delivered). The air flow was delivered to the both nostrils simultaneously through Teflon tubing (inner diameter 6.35 mm) with a 50% relative humidity at room temperature (22°C). The intervals between the odor deliveries were pseudo-randomized to reduce any potential anticipatory effect on the olfactory system. The stimulation paradigm was executed with a programmable olfactometer (Emerging Tech Trans, LLC, Hershey, PA), which can deliver odorants to participant's nostrils accurately without any optical, acoustic, thermal, or tactile cues to the participant. The olfactometer was located next to the MRI console out of the examination room, while the odorant containers were positioned next to the MRI scanner. Lavender oil (Givaudan Flavors Corporation, East Hanover, NJ) diluted in 1,2-propanediol (Sigma, St. Louis, MO) at 0.10% (volume/volume) was used as the olfactory stimulant. Lavender is one of the most effective olfactory stimulants with minimal to no propensity to stimulate the trigeminal system (31, 32) . The odorant was stored in six 300 mL glass jars, each holding 50 mL of the odorant. To keep the odor concentration stable during each odor presentation, the source of the odorant was switched sequentially among the six containers, with each container opened for 6 seconds. During the imaging session, the air in the magnet was constantly removed out of the examination room through a venting pipe to keep the room air odorless. Prior to the fMRI scan, the participants were trained to follow the visual prompt for sniffing. They were instructed to breathe normally and take a brief sniff when they see "SNIFF" on a LCD screen reflected in a mirror mounted on the MRI coil. The visual cues presented on the LCD screen next to the magnet were controlled by the ESys fMRI system (Invivo, Gainesville, FL) using an E-prime program (Psychology Software Tools, Sharpsburg, PA). The olfactory stimulation paradigm and MR image acquisition were synchronized using optical triggers from the MRI scanner. During the execution of the fMRI paradigm, the participants' respiration trace was monitored via a pneumatic respiration sensor and recorded at a frequency of 10 Hz together with the odor delivery onsets and timing of image acquisition by the olfactometer. After fMRI scanning, the participants were asked to confirm if they sensed odors during the fMRI scans.
fMRI Study Protocol
The fMRI study was performed on a Siemens 3 T scanner (Magnetom Trio, Siemens Medical Solutions, Erlangen, Germany) with an eightchannel head coil for signal reception. The participants were positioned in the supine position in a dark environment with their heads fit into a padded head restrainer to minimize motion and to provide correct positioning and comfort. The participants' respiration and sniffing patterns were monitored to exclude any irregular respiration changes. A BOLD signal sensitive T 2 *-weighted echo-planar imaging sequence was used for fMRI image acquisition with repetition time/ echo time/flip angle = 2,000 milliseconds/30 milliseconds/90°, field of view = 220 × 220 mm, acquisition matrix = 80 × 80, 30 slices parallel to the anterior commissure-posterior commissure plane with a slice thickness = 4 mm, parallel imaging acceleration factor = 2, number of repetitions = 239 with an acquisition time of 7 minutes 58 seconds. In addition, a T 1 -weighted anatomical image was acquired with a three-dimensional MPRAGE method with repetition time/ echo time/flip angle = 2,300 milliseconds/2.98 milliseconds/9°, field of view = 256 × 256 × 160 mm, acquisition matrix = 256 × 256 × 160, image resolution = 1 × 1 × 1 mm, and parallel imaging acceleration factor = 2.
Data Processing and Analysis
The respiration trace, odor delivery timing, and image acquisition timing data were processed with the ONSET software (Olfactory Network Stimulation Editing Tool) for actual stimulation onset and duration vectors (http://www.pennstatehershey.org/web/nmrlab/ resources/software) (33) . In addition, the respiration volume was measured and compared between odor and odorless periods. The respiration volume was estimated with the area under the respiration trace for each inhalation and exhalation phase pair.
The first 10 fMRI images of the data series were discarded from data processing to remove any possible signal instability at the beginning of the echo-planar imaging sequence. The remaining fMRI data were processed with SPM8 (Wellcome Trust Centre for Neuroimaging, University College London, London, UK) (34) following the standard procedure: (i) fMRI images were spatially realigned within the session to remove any minor head movements (translation < 1 mm, rotation < 1°); (ii) co-registered with highresolution anatomical image; (iii) normalized to the Montreal Neurological Institute (MNI) brain template (35) in a spatial resolution of 2 × 2 × 2 mm; and (iv) smoothed with an 8 × 8 × 8 mm (full width at half maximum) Gaussian smoothing kernel. A mask of central olfactory structures was generated based on a modified segmented brain template (Anatomical Automatic Labeling brain template, Neurofunctional Imaging Group, CYCERON, Caen, France) (36) , which included the bilateral primary olfactory cortex (POC), amygdala, insula, hippocampus, parahippocampal cortex, frontal lobe and temporal lobe cortex, and cingulate cortex. Statistical parametric maps were generated at the individual level by fitting the stimulation paradigm to the functional data with a default 128-second high-pass filter, convolved with the canonical hemodynamic response function within the predefined mask of central olfactory structures with the six head movement parameters as nuisance covariates. Separate olfactory activation maps at the group level were generated for the odor-sniffing and odorless-sniffing (one-sample t tests, family-wise error corrected, p < .05, extent threshold = 6). The contrast between the odor-sniffing and odorless-sniffing conditions was generated at the group level (paired t test, p < .001, corrected using the AFNI AlphaSim program [http:// afni.nimh.nih.gov] with a cluster size ≥45 voxels to achieve a corrected p <.05 [Monte Carlo simulations, p = .001, full width at half maximum = 8 mm, cluster connection radius = 2 mm, 1,000 iterations]). The aging effect on the olfactory activation in the central olfactory structures was studied with SPM and the masks of the group-average activation map for each contrast (multiple regression, p < .001, corrected using the AFNI AlphaSim program [http:// afni.nimh.nih.gov] with cluster size ≥28 voxels to achieve a corrected p <.05 [Monte Carlo simulations, uncorrected p = .001, full width at half maximum = 8 mm, cluster connection radius = 2 mm, 1,000 iterations]). To further investigate the olfactory activation in the POC, the BOLD signals in the left and right POC responding to the odor-sniffing and odorless-sniffing were acquired from each individual participant with the peristimulus time histogram of the activation center in the predefined region of interest of the POC. BOLD signals responding to the odor-sniffing and odorless-sniffing were compared at the group level using a paired t test, and the correlations between peak BOLD signal in the POC with age and UPSIT score were evaluated with SPSS Version 21.0 (IBM Corp., Armonk, NY).
Results
Both sniffing with or without concurrent odor presentation triggered significant activation in the bilateral POC and secondary olfactory structures, that is, insular cortex, orbitofrontal cortex (OFC), dorsolateral prefrontal cortex (DLPFC), cingulate cortex, hippocampus, and parahippocampal cortex (Figure 2a and b; Tables 1 and 2 , respectively). Voxel-based paired t test showed that odor-sniffing triggered a significantly stronger BOLD signal increase than odorlesssniffing in the bilateral POCs, namely, the right anterior piriform cortex, bilateral posterior piriform cortex, and bilateral periamygdaloid cortex (Figure 2c) . Region of interest analysis of the BOLD signal time course showed that the peak BOLD signal in the bilateral POCs responding to odor-sniffing was significantly stronger than those responding to odorless-sniffing (paired t test, p < .01) (Figure 3a and  b) . The analysis of the respiration data showed that there was no significant difference in the sniff volume or respiratory rate between odor-sniffing and odorless-sniffing at either the individual level or group level (paired t test, p > .10).
The average UPSIT score of the group was 35.6 ± 2.4. There was a significant aging effect on the smell function in this study group of 22-64 years of age. The UPSIT score was negatively correlated with age (r = −.32, p = .037). In addition, when the participants were separated by their sex, post hoc analysis showed that within each sex group, the UPSIT score was not significantly correlated with age for two-tailed tests of correlation coefficient (female: r = −.23, p = .25; male: r = −.41, p = .10). Based on the knowledge of a negative aging effect on olfactory functions, with a one-tailed test, the male group Figure 2 . Both odor-sniffing (a) and odorless-sniffing (b) triggered significant activation in the bilateral primary olfactory cortex (POC), and secondary and higherorder olfactory structures, which includes the insular cortex, orbitofrontal cortex (OFC), cingulate cortex, dorsolateral prefrontal cortex (DLPFC), and temporal cortices (voxel-based one-sample t test, n = 43, family-wise-error [FWE] corrected, p < .001, cluster size ≥6 voxels). Odor-sniffing triggered significantly stronger POC activation than odorless sniffing (c) (voxel-based paired t test, n = 43, FWE corrected, p < .05, cluster size ≥6 voxels). The peak BOLD signal change in the right primary olfactory cortex (POC) (a) and left POC (b) responding to the odor-sniffing events was significantly stronger than that responding to the odorless-sniffing events at 5, 7, and 9 s after the odor onset (paired t test, n = 43, *p < .05; **p < .01). All statistical parameter maps from SPM8 were overlaid on a standard anatomical template image (ch2better.nii) using MRIcron (http://www.mccauslandcenter.sc.edu/mricro/mricron).
showed a borderline negative correlation between age and UPSIT score (p = .05). The female participants performed a little better than the male participants on the smell identification test (UPSIT score 35.9 ± 2.4 vs 35.2 ± 2.3); however, the difference was not significant (two-sample t test, p = .34).
The fMRI data showed that there was a significant negative correlation between age and the BOLD signal in some secondary and higher-order olfactory structures. Specifically, the significant negative aging effect on the BOLD signal responding to odor-sniffing was located in the bilateral DLPFC, left OFC, and left insular cortex; when responding to odorless-sniffing the structures showing significant aging effect were the left OFC and left insular cortex ( Figure 4 and Table 3 ). Neither voxel-based nor region of interest-based analysis showed any significant age correlation with the BOLD signal in the POC region. When the participants were separated into different age groups (ie, 22-30, 31-40, 41-50, 51-64 years) for comparison, there was no significant difference in the POC activation responding to either odor-sniffing or odorless-sniffing (two-sample t test, p > .17), even though the age group of 51-64 achieved significantly lower UPSIT scores (34.6 ± 2.9) than the 22-30 age group (36.4 ± 1.8) (two-sample t test, p = .03). Further post hoc analyses of the aging effect on the olfactory activation were conducted in the two separate sex groups. The only significant aging effect was observed in the left DLPFC, left insular cortex, and left OFC of male participants during odorless-sniffing (p < .005, corrected with cluster size ≥65 voxels to Figure 4 . The BOLD signal responding to odor-sniffing and odorless-sniffing in some secondary central olfactory structures was significantly correlated with age (p < .001, corrected with cluster size ≥28 voxels). The statistical parameter maps from SPM8 were overlaid on a standard anatomical template image (ch2better.nii) using MRIcron (http://www.mccauslandcenter.sc.edu/mricro/ mricron). DLPFC = dorsolateral prefrontal cortex; OFC = orbitofrontal cortex. Note: One-sample t test, FWE corrected, p < .001, cluster size ≥6 voxels. Coordinates are given in the left-posterior-inferior system in the Montreal Neurological Institute (MNI) brain template space. L = left; R = right. DLPFC = dorsolateral prefrontal cortex; FWE = family-wise error; OFC = orbitofrontal cortex; POC = primary olfactory cortex. inf = inferior; med = medial; mid = middle; sup = superior. corr = corrected; uncorr = uncorrected. Note: One-sample t test, FWE corrected, p < .001, cluster size ≥6 voxels. Coordinates are given in the left-posterior-inferior system in the Montreal Neurological Institute (MNI) brain template space. L = left; R = right. DLPFC = dorsolateral prefrontal cortex; FWE = family-wise error; OFC = orbitofrontal cortex; POC = primary olfactory cortex. med = medial; mid = middle; sup = superior. corr = corrected; uncorr = uncorrected. achieve a corrected p < .05) ( Figure 5 and Table 4 ). No significant aging effect on the BOLD signal during odor-sniffing was observed for these male participants (corrected p = .43). For the female participants, there was no significant aging effect on the BOLD signal responding to either odor-sniffing or odorless-sniffing (corrected p ≥ .07).
Discussion
We demonstrated a significant age-related olfactory functional decline in the central olfactory system during normal adulthood and early aging. Consistent with previous observations (1), the smell identification test results showed a significant smell function decline in normal healthy adults before the age of 65 years. Our fMRI data revealed that the functional activity related to olfaction in the bilateral DLPFC, left insula, and left OFC was negatively correlated with age. The OFC and insular cortex are secondary olfactory structures, which receive inputs of olfactory information from the POC. The OFC is a key structure in odor perception (37) (38) (39) (40) (41) (42) (43) (44) , and the insular cortex plays an important role in the multisensory integration (42, (45) (46) (47) (48) (49) . Previous group comparisons between young and old healthy volunteers have shown the olfactory activation in the insular cortex to be age dependent (16) . On the other hand, the DLPFCs are higher-order structures in the central olfactory system, which receive olfactory inputs from the OFC, amygdala, insular cortex, medial prefrontal cortex, and anterior cingulate cortex. They are highly involved in odor memory and cognitive functions that related to the olfactory tasks (50) (51) (52) (53) . A previous study of 15 healthy young and middle-aged women has also shown some significant aging effect on the olfactory-related activation in the DLPFC (51) . These findings suggest that the central olfactory system plays a significant role in the age-related olfactory functional decline.
Interestingly, the brain structures that showed significant functional age dependency during normal adulthood and early aging stages were secondary and higher-order central olfactory structures. In contrast, we did not observe a significant aging effect on the POC activity in this age range. Our previous data from an older volunteer group showed that the BOLD signal in their bilateral POC was significantly weaker than that in the young volunteers (16) . Taken together, it suggests that aging effect on the functions of the POC is nonlinear: the functions are relatively stable during normal adulthood and early aging stages and then experience a significant decline in the later aging period. In contrast, the age-related decrease of olfactory activity in the DLPFC, OFC, and insula happens at an earlier stage. Besides the fMRI findings in this study, one piece of evidence that supports this notion is the selective atrophy of secondary olfactory structures, for example, the OFC, but not the POC during normal aging (54) . Another piece of evidence comes from a neuroelectrophysiological study of a 140 healthy volunteers aged 16-79 years (55) , which electrophysiological data showed significant decrease in olfactory-related brain activity (mainly coming from secondary and higher-order cortices), but psychophysical assessments of those participants' smell functions did not detect significant agerelated changes in the odor detection threshold (a smell function controlled by the POC).
Women usually have better smell functions than men of the same age, and comparing to men, they usually experience age-related olfactory functional decline at a later age (1, 9, 56, 57) . Thus, sex might be a confounding factor in the relationship between age and the functions of central olfactory structures. When the participants were separated by their sex, significant BOLD signal decrease along with age was only observed in the secondary olfactory structures of men and during odorless-sniffing. This finding is consistent with the borderline negative correlation between these participants' smell identification function and their age. This age-related functional decline in men during the early aging stage likely indicates men's vulnerability to age-related olfactory deficits at a later age. For women participants, no significant age correlation was observed with either the activity of their central olfactory systems or their smell identification function. These results suggest that age-related functional changes in the central olfactory system of men and women may Note: The secondary olfactory structures showed significant negative aging effect on the olfactory activation signal (multiple regression, p < .001, corrected with cluster size ≥28 voxels). Coordinates are given in the left-posterior-inferior system in the Montreal Neurological Institute (MNI) brain template space. L = left; R = right. DLPFC = dorsolateral prefrontal cortex; FWE = family-wise error; OFC = orbitofrontal cortex. corr = corrected; uncorr = uncorrected. follow a different time course. Therefore, sex should be considered in the study of aging effect on human olfaction.
During normal adulthood and early aging, the olfactoryrelated activation in the bilateral DLPFC, left OFC, and left insular cortex was negatively correlated with age. The pathobiological mechanisms underlying such functional declines in these central olfactory structures are unknown. A previous longitudinal study of a large cohort found that carotid intima media thickness and plaque score were associated with the development of olfactory impairments among participants younger than 60 years. That finding suggests that early atherosclerosis might be a cause of the development of olfactory deficit during early aging (58) . Other contributing factors of the early aging effect on the central olfactory activity might include local brain atrophy (54) and the neurotransmitter changes, for example, dopaminergic denervation (22, 23) . It is interesting that the aging effect on the olfactory functions of the OFC and insular cortex was observed only on the left, but not in both hemispheres. In general, aging-related pathological changes in the brain are usually symmetric, for example, the atherosclerosis in the cerebral circulatory system, and betaamyloid deposition and neurofibrillary tangle formation in the brain tissue. Thus, the lateralization observed in this study might be related to the functional asymmetry between the two hemispheres in processing olfactory information (43, 59) .
Sniffing of an odorant triggered significantly stronger POC activation than the sniffing of odorless air. This is consistent with the results from a previous positron emission tomography study that compared POC activity during odor-sniffing and odorlesssniffing (60) . The difference of the activation in the POC confirms that the POC is the very site for the neural activities associated with odor detection and perception apart from the sniffing response and the somatosensory stimulation by the air flow (61) . The same structural involvement in the odor-sniffing and odorless-sniffing conditions demonstrates a top-down mechanism in the central olfactory system during a sniffing-involved olfactory activity. Thus, specific olfactory functions related to odorant stimulations can be untangled from sniffing-related activities in the central olfactory system.
There are a few limitations in this study. First, this is a crosssectional study to look at the aging effect on the function of central olfactory system. The fMRI results demonstrated an aging effect on the activity of specific secondary olfactory structures but not the POC. Considering the interindividual variations, a longitudinal study should be more sensitive to detect age-related functional changes. Secondly, in this study, we did not observe a significant UPSIT score difference between the two sex groups, and there was no significant age correlation with the UPSIT score in either the male or female group. It is known that significant decline of olfactory functions usually happens after age 65, and before that, the decrease of smell functions is relatively small. This study focused on the early aging effect on the central olfactory functions before age 65. We believe our sample size is not large enough for detecting the cross-sex UPSIT score difference and the association between UPSIT score and age when sex is considered. Thus, to investigate the sex effect on aging-related functional changes in the central olfactory system, a larger subject group with a wider age range should be used. Thirdly, there was no systemic cognitive assessment of the participants in this study. It is known that there is a significant aging effect on human cognitive functions (62) and human cognitive functions are highly correlated with olfactory functions, especially odor identification function (27, 63, 64) . In this study, the study group was relatively young with no participant older than 64 years and none of the participants had reported memory or cognitive issues during the screening procedure for this study. In future studies of the aging effect on olfaction function involving senior participants, cognitive functions should be included as a covariant. Finally, we observed a significant aging effect on the smell identification ability of this normal adulthood and early aging study group; however, the aging effect on other olfactory functions was not evaluated, for example, the odor detection threshold, odor discrimination, and odor memory. A combination of comprehensive assessments of olfactory functions, cognitive functions, and a complementary fMRI of brain olfactory activities should be able to help identify the different roles of each central olfactory structure in the aging-related olfactory functional decline.
Conclusion
This study provided normative data of age-related olfactory functional decline during normal adulthood and early aging stage. Olfactory fMRI demonstrated that the central olfactory system was significantly involved in the age-related olfactory functional decline. Consistent with the smell function decline measured by the smell identification test, the brain activities of some secondary and higher-order olfactory structures, for example, bilateral DLPFC, left insular cortex, and left OFC, were significantly decreased. In contrast, the activity in the POC was not significantly correlated with age in this age range. These results suggest that age-related functional decline in the human central olfactory system starts from the secondary and higher-order central olfactory structures.
Funding
This work was supported by the DANA Foundation, the Pennsylvania Department of Health, and the National Institutes of Health grant number R01 AG027771. Note: Within the male group, significant negative aging effect on the olfactory activation signal responding to odorless-sniffing was observed in some secondary olfactory structures (multiple regression, p < .005, corrected with cluster size ≥65 voxels). Coordinates are given in the left-posterior-inferior system in the Montreal Neurological Institute (MNI) brain template space. L = left. DLPFC = dorsolateral prefrontal cortex; FWE = family-wise error; OFC = orbitofrontal cortex. corr = corrected; uncorr = uncorrected.
